Reaction of the early-late heterobimetallic compound [Cp tt 2 Zr(µ 3 -S) 2 {Rh(CO)} 2 (µ-dppm)] (1) with MeI affords the unusual oxidative addition product [Cp tt 2 Zr(µ 3 -S) 2 Rh 2 (µ-CO)(µ-dppm)(I)(COCH 3 )] (4) showing the presence of a bridging carbonyl and a terminal acetyl ligand. The optimized structure of 4 by DFT calculations is further substantiated by the spectroscopic data of the 13 CO-labeled complex 4*.
Introduction
The oxidative addition reaction is a fundamental process in organometallic chemistry with significant implication in many important catalytic reactions. 1 In particular, the oxidative addition of methyl iodide followed by methyl migration is the key step in the catalytic carbonylation of methanol to acetic acid. 2, 3 Major research efforts in this particular process have been devoted to improve the catalytic activity and stability of the rhodium catalysts by ligand design, and to study the effects of the ancillary ligands on the rates of oxidative addition and migratory carbonyl insertion steps. 4, 5 In this context, it has been observed that the catalytic activity is determined by a complex interplay between electronic and steric effects introduced by the auxiliary ligands, the latter being of key importance in promoting the carbonyl insertion. 6 Methyl iodide activation by dinuclear late transition-metal complexes in which a folded bridging framework holds coordinatively unsaturated d 8 sites in close proximity has also received considerable attention. 7 With the aim of exploring the possible cooperative effects between the metal centers, the oxidative addition of a range of electrophiles on a number of d 8 rhodium and iridium dinuclear complexes having thiolato, pyrazolato, 7-azaindolato, amido or functionalized pyridine ligands have been investigated. 8 As a general trend, the reactivity of dinuclear iridium(I) complexes is directed to the formation of metal-metal bonded Ir(II)-Ir(II) compounds as a result of the two-center oxidative addition. 9 In sharp contrast, dinuclear rhodium(I) complexes frequently undergo double one-center oxidative addition to afford Rh(III)-Rh(III) species. 10 The oxidative addition of methyl iodide on dinuclear rhodium carbonyl complexes generally results in the formation of acetyl derivatives.
However, in this case, both mixed-valence Rh(III)-Rh(I) acetyl or Rh(III)-Rh(III) diacetyl complexes are the standard outcome of this reaction.
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We have recently described the straightforward synthesis of dinuclear gem-dithiolato bridged rhodium complexes [Rh 2 (µ-S 2 CR 2 )(cod) 2 ] from the corresponding gem-dithiol R 2 C(SH) 2 compounds. Carbonylation of these diolefin compounds followed by reaction with P-donor ligands allowed the stereoselective preparation of the trans isomer of the disubstituted complexes [Rh 2 (µ-S 2 CR 2 )(CO) 2 (PR' 3 ) 2 ] (R = Bn (benzyl), R 2 = -(CH 2 ) 5 -; R' = Ph, Cy). 12, 13 Compared to dinuclear rhodium thiolato and dithiolato bridged complexes, the presence of a single bridge-head carbon atom between both sulfur atoms results in a more rigid and compact core with a smaller angle between the coordination planes of the rhodium centers and shorter metal-metal distances, which favour the cooperative effects between the metal centers. 13 On the other hand, a similar synthetic strategy using the 
tert-butylcyclopentadienyl).
14 The metallocene fragment "Cp tt 2 Zr" in these complexes, composed of an electron deficient metal center and bulky substituents, introduce important electronic and steric effects into the dinuclear framework that could result in a unique reactivity. However, the reactivity studies dealing with oxidative additions on early-late metal complexes are scarce in spite of their potential for cooperative effects between such significantly different metal centers. 15 In this context, we have reported the reactivity of a sulfido-bridged TiIr 2 carbonyl compound with iodoalkanes giving the two-fragment two-center oxidative addition products with the concomitant formation of an iridium-iridium bond in a stereoselective way. 16 Interestingly, the ZrRh 2 sulfido-bridged clusters and the dinuclear gem-dithiolato bridged rhodium complexes are structurally related if they are seen as composed of a rhodium dinuclear subunit bridged by two sulfido ligands. Thus, the gem-dithiolato bridged complexes can be considered as the "carbon" equivalents of the trigonal-bipiramidal core [ZrRh 2 (µ 3 -S) 2 ] in the heterometallic clusters (Scheme 1).
We report herein a comparative study of the reactivity of both types of complexes toward the electrophiles methyl iodide and iodine. This study has allowed discovering an unexpected outcome in the oxidative addition of methyl iodide to the early-late ZrRh 2 compound that has been rationalized on 5 the basis of the steric effects imparted by the metallocene fragment. (Figure 1a ) that correspond to an ABXY spin system (A, B = 31 P and X, Y = 103 Rh). The observed signal correlates well with the calculated spectra using the following parameters: δΑ = 29.10 ppm, δΒ = 27.49 ppm, J Rh-P = 168.59 Hz and 2 J P-P = 38.95 Hz ( Figure   1b ). Both inequivalent P-donor atoms of the dppm ligand are coupled to different rhodium atoms with identical J Rh-P coupling constant and between them with a relatively small P A -P B coupling. Unfortunately, 4 is unstable in dichloromethane or benzene solutions after a prolonged period of time, which prevented registering its 13 C{ 1 H} NMR spectrum or growing a single crystal to determine the molecular structure. In order to get structural information on 4 we have prepared the 13 Figure   3a ) that has been successfully simulated as the AB part of the ABMNXY spin system (A, B = 31 P; M, N = 13 C; X, Y = 103 Rh) using the parameters obtained from the 31 P{ 1 H} NMR of 4 ( Figure 3b ). The shape of this resonance is a consequence of the different coupling scheme for both P-donor atoms of the bridging dppm ligand. Thus, the strong-coupled left part of the signal corresponds to the P atom bonded to the rhodium atom coordinated to the acetyl ligand (δ 29.10 ppm) that is coupled to both 13 COCH 3 and bridging 13 CO ligands. The right part of the signal corresponds to the other P atom that is only under the influence of the bridging 13 CO ligand (δ 27.49 ppm). The DFT geometry-optimized structure of [Cp tt 2 Zr(µ 3 -S) 2 Rh 2 (µ-CO)(µ-dppm)(I)(COCH 3 )] (4) is shown in Figure 4 . NBO charge of -0.045 whereas moving to a terminal position leads to a high net charge +0.180 and the WBI goes from 1.907 to 2.183 respectively, which shows a poorer π-acceptor role. On the other side the carbonyl group on the acetyl ligand has a mean charge (for both isomers) of -0.1 and a mean WBI of 1.76, which reflects the lower formal order of two expected for an acetyl carbonyl group. These data indicate that in spite of the increase of the electron density on the carbonyl ligand and the relaxation of the bond strength, which is also reflected in the IR spectrum, the bridging carbonyl ligand in 4 is still far from playing a net ketonic role (CO 2-). Thus, the bonding scheme in the dirhodium subunit of 4 is best The molecular structure of 5 determined by a single crystal analysis is shown in Figure 5 and a 13 selection of bond distances and angles are collected in Table 2 . The dinuclear skeleton of 5 is held up by a 1,1-cyclohexanedithiolato ligand exhibiting a 1:2κ 2 S, 1:2κ 2 S′ coordination mode. The coordination geometry of the Rh (1) Rh (1)-I 2.6860 (4) Rh (1) … Rh(2) 2.9053 (4) Rh (1)-P (1) 2.3041(9) Rh(2)-P(2) 2.2906 (10) Rh (1)-S (1) 2.3301(9) Rh(2)-S (1) 2.3864 (9) Rh (1)
149 (5) C (1)-C(2) 1.518 (5) In the same way, the dinuclear compound 3 reacted with neat MeI to give the compound [Rh 2 (µ-S 2 CBn 2 )(COCH 3 )(I)(CO)(PPh 3 ) 2 ] (6) which was isolated as a brown-red microcrystalline solid in 84% yield after recrystallization from dichloromethane/diethyl ether. The spectroscopic data for 6 are very similar to those described for 5 and consequently should be isostructural (Scheme 3). In particular, the 31 The intermetallic distance found in complex 5, very similar to the found in the starting material 2, is not indicative of the presence a metal-metal bond between both coordinatively unsaturated rhodium centers. However, the spectroscopic data in complexes 5 and 6 suggest the presence of a dative bonding interaction Rh(I)→Rh(III) between the metal centers. 25 A first indication of that interaction is the similar chemical shifts and J Rh-P coupling constants observed for the inequivalent PPh 3 ligands bonded to the electronically very different Rh(I) and Rh(III) metal atoms. In addition, the terminal carbonyl stretching ν(CO) that was observed at 1960 and 1967 cm -1 in the precursor complexes 2 and 3, respectively, is shifted to higher wave numbers in complexes 5 and 6, Δν of 25 and 21 cm -1 . However, the Rh-P bond distances observed in 5 for both metals showed quite similar values, 2.3041(9) for Rh (1) and 2.2906 (10) for Rh(2).
In order to determine the extent of the potential metal-metal interaction in this type of complexes, the structure of the pairs 2 and 5, and, 3 and 6, have been calculated by DFT. Compounds 2 and 3 show very similar geometries, with rhodium atoms in a square planar environment and separated by a distance other metal-metal bonded species presented in this paper, which suggests that there is not a significant direct metal-metal interaction in both complexes. Thus, in accordance with the theoretical calculations complexes 5 and 6 are best described as composed of two not directly interacting unsaturated 16 e - Rh(I) and Rh(III) centers. The molecular structure of compound 7 is shown in Figure 6 and selected bond distances and angles are collected in Table 4 . The structure consists of a folded Rh 2 S 2 core with an additional bridging carbonyl ligand. In the solid state, this molecules exhibits a crystallographic imposed C2 symmetry with the two-fold axis passing through the bridging carbonyl and the bridgehead carbon C(2) of the gem- Rh-I 2.6420(6) Rh-C (1) 1.974 (5) Rh-P 2.2830 (15) C (1) Primed atoms are related to the unprimed ones by the symmetry transformation -x, y, ½-z.
The structural parameters of compound 7 calculated by DFT show a good agreement with those obtained experimentally. In particular, the calculated Rh-Rh distance is 2.923Å (experimental 2.8230 (9) Å) whereas the Rh-C-Rh angle around the bridging carbonyl ligand is 95.0º (experimental 91.3º (3)).
The NPA charges on the rhodium atoms are +0.13 ( The bonding scheme in the "Rh 2 (µ-CO)P 2 " subunit of 7 is closely related to the described for the early-late heterobimetallic compound 4. In fact, the natural charges on the rhodium centers and the similar WBI indexes for the Rh-Rh and CO bonds in both compounds strongly suggest the presence of electronically unsaturated metal centers bridged by a carbonyl ligand with no ketonic character and a significant metal-metal interaction. The main difference between both complexes is the natural charge on the rhodium atoms that is slightly higher in 4 (0.20 vs 0.13). This fact probably reflects the electronic influence of the early metal center reducing the electron-donating ability of the sulfido ligands compared to the alkyl-thiolato ligands.
The 1 H NMR spectrum of 7 in C 6 D 6 features an AB quartet at δ 3.33 ppm (J AB = 14.6 Hz) for the benzylic protons of the gem-dithiolato ligand in full agreement with the C 2 symmetry structure found in the solid state. In addition, the equivalent triphenylphosphino ligands were observed as a doublet at δ 39.41 ppm (J Rh-P = 148.20 Hz) in the 31 P{ 1 H} NMR spectrum. In order to know the relationship between complexes 6 and 7, the reaction of 3 with MeI was investigated by 31 P{ 1 H} NMR at different reaction times. Compound 6 is the major species (>95%) after 1 hour with trace amounts of 7 along with an unknown oxidized species (δ 28.25 ppm, J Rh-P = 124.0 Hz). However, after 6 hours the composition of the reaction mixture is: 6 (50%), 7 (25%) and the oxidized species (25%), assuming a dinuclear formulation for the latter. Compound 7 was obtained as brown crystals in 16% from this solution. Longer reaction times evidenced the conversion of 6 into 7 although and increase the amount of the oxidized species and the formation of other unidentified species was also observed. Thus, the formation of 7 from 6 likely involves the oxidative addition of MeI at the Rh(I) center of 6 followed by acetone elimination (Scheme 4). 34 An alternative mechanism involving free alkyl radical intermediates seems to be less likely as the reaction also takes place in the dark and no side reactions were observed.
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The mechanism for the formation of complex 4 has been studied computationally by means of DFT calculations. In spite of the size of our system, that has prevented a detailed mechanistic study, we have tried to shred some light into the sequence of steps followed from the initial methylation to the final carbonyl bridged acetyl complex.
We have used different complexity levels in the description of the thiolato bridging system of the dinuclear entity, but maintaining always the "Rh 2 (µ-dppm)" core modeled as "Rh 2 {µ-CH 2 (PH 2 ) 2 }". The thiolato bridge has been modeled starting from a simple S 2 CH 2 (model a), then changing to Cp 2 ZrS 2 (model b) and eventually to the actual early metalloligand bridge ( t Bu 2 Cp) 2 ZrS 2 (model c) (Table 6 ).
This approach intends to understand the steric and electronic role of the thiolato bridge on the behavior of the dinuclear Rh 2 core towards CH 3 I oxidative addition. Assuming that the oxidative addition reaction has a similar initial methylation step than those of CH 3 I in mononuclear rhodium complexes leading to cationic intermediate methyl-complexes, the question arises whether this step is followed by carbonyl insertion, to form the final acetyl group, or by the coordination of I -to the second rhodium atom.
In all the three models the cationic acetyl species is less stable than the cationic methyl-rhodium analogue although the more sterically congested having the bulky early metalloligand as bridge (model c) shows the lesser relative instability (13.4 kcal . mol -1 ). This difference is significantly reduced after coordination of the iodide ion to the second rhodium atom leading to the metal-metal bonded Rh(II) species. The energy difference between the methyl and acetyl complexes is only 1.4 kcal/mole for model a, and interestingly is shifted in favor of the acetyl isomer for models b and c by 7.4 and 4.1 kcal . mol -1 , respectively. According to these energies the carbonyl insertion step must occur after coordination of I -to the second rhodium center.
A second aspect to be considered is the stability of the carbonyl bridged acetyl species. Although this species is the least stable isomer for all the three models, it becomes more stable when going from the simple bridging model a to the more congested model c (+16.5, 9.3 and 6.0 kcal . mol -1 , respectively).
The optimization of the full molecules (without solvent effects) reduces this difference to 2.4 kcal . mol -1 .
Thus, the formation of the bridging carbonyl must occur at the same time or after coordination of the 26 iodide ion as the cationic species are all at a much higher energy. The results obtained from the DFT calculations suggest the initial formation of the metal-metal 27 bonded iodido-methyl species as a result of the MeI oxidative addition (S N 2 mechanism). In a second step, a metal-metal bonded iodido-acetyl species, [Cp tt 2 Zr(µ 3 -S) 2 Rh 2 (µ-dppm)(CO)(I)(COCH 3 )], should be formed by migratory insertion of the carbonyl ligand into the Rh-Me bond. Finally, compound 4
should result from an oxidative isomerization in which the terminal carbonyl ligand inserts into the rhodium-rhodium bond. 10a The steric interference of the bulky t-Bu groups on the metalloligand and the iodido ligand in the axial position in the metal-metal bonded iodido-acetyl species is the driving force for this transformation that ends up with the iodido ligand cis to the Rh-Rh vector. The oxidative isomerization has been found to be reversible in A-frame pyrazolate-bridged dirhodium complexes, which suggests that the process requires a low energy input. Nevertheless, the DFT calculations are also in agreement with a concerted mechanism, which is shown in Scheme 6. Most probably, the steric pressure exerted by the metalloligand has a pivotal role in promoting the oxidative isomerization process after coordination of the iodide anion on the second rhodium center. At the same time, the bridging ketonic carbonyl facilitates the migratory carbonyl 28 insertion into the Rh-Me bond leading to the formation of the acetyl moiety.
Concluding Remarks
The structurally related dinuclear gem-dithiolato bridged rhodium complexes [Rh 2 Theoretical calculations. Structures of compounds 2-7 and 8 were fully optimized using the Gaussian 09 software package 38 at the density functional level of theory (DFT) with the B3LYP
functional. Several models were used for the study of the oxidative addition of ICH 3 , as shown in Table   6 . The lanl2dz basis set and ECP was used for Rh and I atoms and the 6-31G** basis set for the rest of elements. The structures of the optimized molecules were depicted with the CyLview program. 39 The natural charges calculated by natural population analysis (NPA) and the Wiberg bond indexes (WBI)
were obtained by NBO analysis with the NBO 5.0 program. Selected crystals were mounted on a Bruker SMART CCD three-circles diffractometer equipped with a graphite monochromator. Data collection was performed at low temperature (100(2) K) using Mo-Kα radiation (λ = 0.71073 Å). A semiempirical absorption correction was applied using SADABS program, as implemented in SAINT-PLUS package. 40 Both structures were solved by Patterson methods using the program SHELXS-97, completed by subsequent difference Fourier techniques, and refined by full matrix least-squares on F 2 with SHELXL-97. 41 All non-hydrogen atoms were refined with anisotropic displacement parameters. A dichloromethane solvent molecule was observed disordered in the crystal structure of 5; this molecule was modeled from two moieties with equal occupancies. Three CH 2 Cl 2 solvent molecules were also observed in the unit cell of 7. Hydrogens were included in both structures from calculated positions; in both cases riding positional and thermal parameters were refined.
